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Abstract The degree of resource monopolization relates
to the distribution of resources in space and time. In
general, monopolization is predicted to be high when
resources (food or mates) are clumped in space, dispersed
in time, and predictable in space or time. Using the yellow
dung fly, Scathophaga stercoraria (Diptera: Scathophagi-
dae), we qualitatively tested a general model that predicts
the distribution of mating success among competing
males based on the temporal pattern of female arrivals
relative to mating time and a ranking of males in priority
of access to the resource (here by body size). In a
laboratory experiment approximating the natural mating
situation, a constant number of males of various sizes
were allowed to compete for females. As predicted, mate
monopolization decreased as the temporal clumping of
female arrivals increased, mediated by either a decrease in
the mean or an increase in the variance of female inter-
arrival times, which were manipulated independently.
Males appeared to adjust their behavior to variation in
female arrivals in a manner consistent with the marginal
value theory of Parker and associates: forcible take-overs
of females were rarer, and copula durations shorter, when
females arrived regularly at short intervals. Therefore, a
complex interaction of variation in intrinsic characteris-
tics affecting male resource holding potential, mating
time and stochastic, extrinsic variables increasing tempo-
ral clumping of mates generally reduces the variance in
mating success among competing males and thus ulti-
mately the opportunity and intensity of sexual selection
on traits influencing male success. This theory extends
operational sex ratio theory at the mechanistic, behavioral
level.
Keywords Mating system · Operational sex ratio ·
Resource monopolization · Scathophaga stercoraria ·
Sexual selection
Introduction
Resource monopolization is one of the prime mechanisms
increasing the variance in fitness among individuals. The
degree of resource monopolization has been related to the
distribution of resources in space and time (Emlen and
Oring 1977). For example, when the environmental
potential for the monopolization of mates is high,
competition for mates will be strong, leading to extreme
variation in mating success and intense sexual selection
(Emlen and Oring 1977; Thornhill and Alcock 1983;
Arnold and Duvall 1994). In general, resource defense
and monopolization are predicted to be high when
resources are clumped in space, dispersed in time, and
predictable in space or time. This applies to competition
for mates and food (Brown 1964; Emlen and Oring 1977;
Warner 1980; Blanckenhorn 1991; Grant et al. 1995,
2000; Blanckenhorn et al. 1998). An individual’s fitness
therefore generally depends on the interaction of intrinsic
factors that determine its quality or resource holding
potential (e.g. body size) and extrinsic factors affecting
resource availability.
In resource defense or lek mating systems, multiple
males wait and compete for incoming females. Ever since
Emlen and Oring’s (1977) seminal paper, the operational
sex ratio (OSR: number of females/number of males
competing at the mating site) has become a key parameter
in mating system studies because it strongly affects the
strength of sexual selection (Arnold and Wade 1984;
Andersson 1994, p. 149ff; Arnold and Duvall 1994).
However, while the OSR is regularly estimated in
phenomenological field studies of sexual selection (e.g.
Andersson 1994, p. 149; Jann et al. 2000), experimental
manipulations to test specific predictions of OSR theory
at the mechanistic, behavioral level are comparatively
scarce (e.g. Alonso-Pimentel and Papaj 1996; Verell and
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Krenz 1998; Sirot and Brockmann 2001). This is partic-
ularly true for the effects of temporal environmental
variability on the OSR and its generalization, the
competitor-to-resource ratio (Blanckenhorn 1991; Grant
and Kramer 1992; Bryant and Grant 1995; Grant et al.
1995, 2000; Blanckenhorn et al. 1998). Moreover, the
OSR is an incomplete and thus inexact measure in at least
two ways. First, because in mating aggregations mates
typically arrive and leave continuously over time, the
OSR is merely (the average of) an instantaneous estimate
of a dynamic parameter that can fluctuate considerably.
Second, at any point in time a considerable proportion of
individuals present at the mating site may not be actually
competing for mates. This is because mating can include
courtship, copulation and mate guarding, and thus last a
considerable time. By analogy to the physiological or life
history “time-out” required to produce a new batch of
gametes (cf. Clutton-Brock and Parker 1992), males
currently engaged in mating cannot compete for a newly
arriving female, thus effectively increasing the OSR.
In a competitive mating situation, the best male (by
whatever criteria) is expected to obtain most mates. As
just outlined, a male’s ability to monopolize females, and
hence the variance in mating success among competing
males, will crucially depend on the interaction between
the temporal pattern of female arrival rates and the time it
takes to mate (Grant et al. 1995; Blanckenhorn et al.
1998). That is, temporal clumping, and thus ultimately the
OSR, has to be defined relative to mating or, in general,
handling time. This was formalized in an analytical
queuing model that generates predictions about the
distribution of resources among competitors based on
the temporal patterns of resource arrival, the handling
time of the resource, and a ranking of competitors in
priority of access to the resource (Blanckenhorn 1991;
Blanckenhorn and Caraco 1992). In a mating context, the
model qualitatively predicts a decrease in the variance in
mating success among competitors if: (1) the average
inter-arrival time of mates decreases (i.e. mate availability
increases); (2) the average mating time increases; and (3)
the variance in mate arrivals or mating time increases,
provided that the average mating time exceeds the
average inter-arrival time (otherwise the converse pre-
diction results; Blanckenhorn and Caraco 1992). Under
some simplifying assumptions, quantitative predictions
are possible (Blanckenhorn et al. 1998). In general, it is
easier to manipulate resource (mate) arrivals, as the
handling (mating) time is primarily determined by the
animals. Nevertheless, mating time, i.e. copula duration,
itself often depends on the physiological state and
environmental circumstances, most notably the probabil-
ity of obtaining another mate (Parker 1970c; Parker and
Simmons 1994; summarized in Simmons 2001, p. 198ff).
The same holds true for the handling time of a food item
(Stephens and Krebs 1986; e.g. Blanckenhorn and Viele
1999).
In this study, we provide the second test of Blancken-
horn and Caraco’s (1992) model in a mating context,
using the yellow dung fly Scathophaga stercoraria
(sometimes Scatophaga: Diptera: Scathophagidae). The
yellow dung fly is a classic model system for studies of
sexual selection and conflict (Parker 1979). It is common
on cow pastures in north-temperate Europe. Multiple
males soon arrive at freshly deposited dung pats to wait
for females ready to lay their eggs into the dung. Females
usually arrive singly in a temporally dispersed manner
(Parker 1970a; Reuter et al. 1998). As males are larger,
they can seize females without courtship and force
copulation, and females have few behavioral means to
choose or reject males. Pre-copulatory sexual selection is
therefore primarily mediated by male-male competition
(Parker 1979), and the OSR is typically highly male
biased (Jann et al. 2000). As in many species (Andersson
1994), large males enjoy a mating advantage (Borgia
1981; Jann et al. 2000). Copulation usually takes place on
the dung or in the surrounding grass and takes about
35 min (Parker 1970b, 1970c). During the ensuing
oviposition, which lasts 10–20 min, the male guards the
female against other competitors (Parker 1970b). In our
laboratory experiments, we simulated this situation in a
semi-natural setting. A constant number of males of
various sizes were allowed to compete for females. We
independently manipulated both the mean and variance in
arrival times of females, observing the mating behavior
and success of males in relation to their body size rank.
We predicted that the degree of mate monopolization by
large males, i.e. the variance in mating success among all
males, would decrease when female arrivals were more
temporally clumped (Blanckenhorn and Caraco 1992;
Blanckenhorn et al. 1998).
Methods
We used either laboratory-reared or field-collected S. stercoraria of
various ages and sizes from our study population in Fehraltorf near
Zurich. Before and after use in this experiment, individuals were
held singly, at 20C, in 100 ml bottles containing water, sugar (for
energy) and ad libitum Drosophila melanogaster as prey (for the
production of eggs and sperm: Foster 1967).
For the experiment, we assembled groups of eight males into
well-aerated transparent plastic boxes approximately 151525 cm
in size. The boxes had a screen door on one side and contained the
above nutrients (however during the experimental trials no
Drosophila). For each experimental trial, we introduced a small
dung pat, approximately 12 cm in diameter, on a large piece of
filter paper. (Fresh dung was collected in Fehraltorf and subse-
quently stored frozen for several weeks before it was defrosted and
used in this experiment.) In nature, dung pats tend to be larger,
although small pats are also common, e.g. when cows walk while
defecating. Eight males corresponds roughly to the average number
of males found on pats of similar size at Fehraltorf, where yellow
dung fly males have been found to be ideal-free distributed with
regard to females but small pats tend to be overused by both sexes
(see Fig. 3 in Blanckenhorn et al. 2000). The males were chosen
randomly, except that we assured (by eye) a wide range of body
sizes. Their exact body size (rank) was not known until it was
estimated using hind tibia length after the experiment. For
individual identification, all males were marked with dots of
enamel paint on their thorax. Seventeen groups were tested over a
period of several weeks. Typically, groups stayed together for up to
5 days, with each group undergoing three treatments (explained
below), in randomized order, on one of these days. At the end of the
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experiment, the groups were disbanded and individuals later
measured. Each male was used only once.
We always added eight females ready to lay eggs per
experimental trial. We independently manipulated the mean
(low=5 min or high=25 min) and the variance (low=0 or
high=1,000) in inter-arrival times. Hence, each group of males
experienced three treatments: (1) low mean/low variance, (2) high
mean/low variance and (3) high mean/high variance (Fig. 1). These
numbers were somewhat arbitrary and perhaps extreme, albeit
certainly within the range observed in nature. Parker (1970a; see
also Fig. 1 in Reuter et al. 1998) reported that females arrive at
average intervals of 4–5 min soon after dung deposition, with
female arrivals becoming increasingly rarer as the dung pat ages. In
the field, the OSR ranges from 0.05–0.6 (Parker 1970d; Jann et al.
2000; Kraushaar and Blanckenhorn 2002). Depending on the time
interval at which it was estimated, the OSR of our treatments
ranged from 1/8=0.125 (instantaneous) to 8/8=1 (over the whole
trial). Intuitively, treatment 1 corresponds to the highest and
treatment 2 to the lowest OSR (1>3>2). Both inter-arrival means
used in our experiment were less than the average copulation
duration of yellow dung flies of about 35 min (Parker 1970b,
1970c; Parker and Simmons 1994). We thus predicted the degree of
mate monopolization by large males (i.e. the variance in male
mating success within groups) to be greatest in treatment 2 and
smallest in treatment 1 (2>3>1; cf. Introduction).
When a female entered the box, we observed which male mated
with her and, if possible, measured the duration of the ensuing
copulation to the nearest minute. When post-copulatory guarding
occurred, this was noted but its duration not measured. We also
noted if and when a male took over a female from another before
copulation was completed. The probability of such a take-over
ranges between 6% and 25% in nature (Parker 1970d; Borgia 1980;
Sigurjnsdttir and Parker 1981). If in our experiment a take-over
occurred during copulation (but not thereafter), the female was
scored as having been captured by the second male, as in this
species the second male to mate fathers the majority of the
offspring (Parker 1970c; Simmons 2001). As the probability of a
take-over depends on opportunity, we predicted it to follow the
same ranking of treatments as above (2>3>1). After a female
finished oviposition and was released by the male, or (more
frequently) just before the end of female oviposition, the female or
the guarding pair were carefully removed from the box (and the
male immediately returned) to prevent a second mating with that
female. In general, this was possible without much disturbance of
the mating behavior.
Results
We analyzed the total number of matings each male
obtained per trial (maximum possible range: 0–8; actual
range 0–4) as a function of treatment and male size rank
(1–8). We used doubly repeated-measures (treatment and
male size rank) ANOVA, because the groups were our
experimental units, each group received each treatment,
and the eight males within each group were not statisti-
cally independent. Overall, the number of females
obtained decreased, as expected, with male size rank
(F7,112=5.30, P<0.001; Fig. 2). More crucially, the
treatment by male size rank interaction was also signif-
icant (F14,224=2.74, P=0.001), showing that the large male
mating advantage varied among the three treatments as
predicted: largest in treatment 2 and smallest in treatment
1 (Fig. 2). This interaction was also significant in our a
priori planned comparisons: when testing for the effect of
an increase in mean inter-arrival time from 5–25 min
(with variance=0 held constant; treatment 1 vs 2:
F7,112=3.96, P=0.001), and when testing for the effect of
an increase in inter-arrival time variance (with
mean=25 min held constant; treatment 2 vs 3:
F7,112=2.46, P=0.022). There was no treatment main
effect because the total number of females delivered in
each treatment was constant.
Fig. 1 Schedule of female inter-arrival times for the three
treatments
Fig. 2 Mean€SE number of females obtained as a function of male
size rank for three treatments varying in female inter-arrival time
mean and variance (n=17 groups)
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Of a total of 408 possible copulations to be observed in
all groups and treatments, we obtained data on 335
copulations (the others were not observed completely).
The proportion of take-overs varied with treatment
(c21=5.86, P=0.016) and among groups (c21=6.27,
P=0.002; interaction P>0.2; binary logistic regression):
the fewest take-overs occurred in treatment 1 (12 of 99
copulations: 12.1%), an intermediate number in treatment
2 (22 of 114:19.3%) and most in treatment 3 (30 of 122:
24.6%). The same analysis additionally revealed that the
probability of suffering a take-over was greater for
smaller males (negative effect of tibia length:
c21=18.87, P<0.001; all interactions P>0.2): in 50 of 64
cases of a male take-over the female was larger than the
defender.
As usual in this species (e.g. Parker and Simmons
1994), copula duration decreased with male size (overall
r=-0.28, F1,265=23.21, P<0.001; ANCOVA on n=271
undisturbed copulations only; Fig. 3). Additionally, this
relationship (treatment by male size interaction: F2,265=
4.26, P=0.015) and copula duration itself (F2,265=4.78,
P=0.009) changed with treatment: 30.05€1.04 min
(mean€SE) and partial r=-0.17 for treatment 1,
33.84€1.16 min and partial r=-0.17 for treatment 2, and
33.97€1.27 min and partial r=-0.47 for treatment 3
(Fig. 3). An analogous analysis showed that copula
duration also decreased with the number of previous
copulations (actual range: 0–3; overall r=-0.15, F1,265=
5.90, P=0.016), independent of treatment (treatment
effect and interaction both P>0.2). Post-copulatory
guarding occurred after 65% of all observed copulations,
equally for all treatments (treatment, group and body size
effects P>0.2; binary logistic regression), but its duration
was not measured.
Discussion
As predicted by a general theoretical model (Blancken-
horn and Caraco 1992), mate monopolization in the
yellow dung fly decreased as the temporal clumping of
female arrivals increased. This confirms earlier work with
a few species (water striders, zebra fish and Japanese
medaka) on the effects of temporal clumping on the
monopolization of food (Blanckenhorn 1991; Grant and
Kramer 1992; Bryant and Grant 1995) and mates (Grant
et al. 1995; Blanckenhorn et al. 1998), thus highlighting
the generality and fundamental nature of the underlying
processes. Temporal clumping results both from faster
arrivals of more females over a given period of time (a
decrease in mean inter-arrival times; treatment 1 relative
to treatment 2) and greater variance in arrivals given the
same mean (treatment 3 relative to treatment 2). Whether
resource arrivals are temporally clumped depends cru-
cially on the time it takes to process the resource, i.e.
handling time (here mating time; Blanckenhorn 1991;
Blanckenhorn and Caraco 1992). Thus the scaling of
resource arrivals and handling time, which are stochastic
in nature, is crucial for predicting the degree of monop-
olization within groups. In general, the reduction in mate
monopolization by synchronous mate arrivals will have
stronger effects in species with longer mating times (i.e.
courtship plus copulation plus guarding).
The consequence of this interaction of mate arrivals
and mating time is always the same: when females arrive
more synchronously, males with greater resource holding
potential (here larger males) obtain fewer mates (and
smaller males obtain more mates) than expected if their
intrinsic characteristics alone affected mating success.
This reduces variance in mating success among competi-
tors (cf. Bateman 1948; Sutherland 1985) and hence
ultimately the intensity of sexual selection on male traits
(Arnold and Wade 1984; Arnold and Duvall 1994). In
nature, numerous yellow dung fly males arrive early and
synchronously at the mating site, a freshly deposited cow
dung pat, whereas fewer females arrive later and more
temporally dispersed (Parker 1970a, 1970b). Consequent-
ly, the OSR at the mating site (Emlen and Oring 1977) is
highly male biased (Blanckenhorn et al. 2000; Jann et al.
2000). This dispersed female arrival pattern has been
interpreted as an indirect mechanism of female choice
increasing the likelihood of mating with a superior, larger
male (Reuter et al. 1998). Variation in female arrivals,
though typically not directly measured, thus inevitably
contributes to the (stochastic) variation in large male
mating advantage and the intensity of sexual selection on
male body size observed for S. stercoraria in the field
(Jann et al. 2000; Kraushaar and Blanckenhorn 2002).
This means that merely assessing the OSR is insufficient,
or at least incomplete.
Despite a wealth of experimental studies on yellow
dung fly mating, this is the first study allowing groups of
males to compete for females in a semi-natural setting.
Males in our experiment appeared to adjust their behavior
to variation in female arrivals. First, the mean copula
Fig. 3 Copula duration as a function of male size for three
treatments varying in female arrival rate mean and variance:
treatment 1 (frequent and regular; circles and solid line), treatment
2 (infrequent and regular; diamonds and broken line) and treatment
3 (infrequent and irregular; squares and dotted line; n=271
undisturbed copulations)
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duration observed here, ranging from 30–34 min, was
very close to that observed by Parker and associates for
single matings in the laboratory (range 30–39 min; Parker
1970c; Ward and Simmons 1991; Parker et al. 1993;
Parker and Simmons 1994, 2000). Nevertheless, in our
experiment copula duration was shortest in treatment 1,
when females arrived at short intervals. This is consistent
with the marginal value theory of Parker and associates,
which predicts that males should shorten copulations
when the probability of obtaining another mate increases
(summarized in Simmons 2001, p. 198ff). Our finding
that smaller males copulate for longer, a common result in
yellow dung fly studies, is also consistent with this theory,
as larger males in general have a greater probability of
obtaining more mates (Parker and Simmons 1994;
Simmons 2001). Mate guarding prolongs the overall
mating time and thus effectively increases temporal
clumping. It is thus conceivable that males, in addition
to copula duration, also curtailed guarding duration when
females arrived in a temporally clumped manner. How-
ever, we did not measure guarding duration in this study,
but only whether guarding occurred or not. This was the
case in about 65% of all cases, irrespective of treatment.
Second, the take-over rates were lowest in treatment 1,
when females arrived regularly at short intervals. As this
was the treatment resulting in the lowest variance in
mating success among competitors, this can be easily
explained by lack of opportunity, as there were fewer
males not involved in mating at any given time. However,
we can offer no explanation for the result that take-overs
were most frequent in treatment 3, rather than in
treatment 2 in which there was most opportunity, except
perhaps that the degree of female clumping was not so
different in these two treatments (Fig. 1). The high overall
take-over rate of about 19% found here can at least partly
be explained by the confined setting, in which flies could
not easily escape usurpation (cf. Parker 1970d; Borgia
1980; Sigurjnsdttir and Parker 1981). As expected, due
to their greater resource holding potential (Sigurjnsdttir
and Parker 1981; Parker and Simmons 1994), males
taking over a female were larger than the defender in a
great majority of cases. Moreover, Parker and Simmons
(1994) show theoretically that a change in the take-over
rate should in turn influence the optimal copula duration:
if take-overs become more important for mate acquisition,
large males will disproportionately gain time to acquire
new mates, and the relationship between male size and
(optimal) copula duration should become steeper, exactly
as we found for treatment 3 (Fig. 3). Therefore, both our
copula duration and our take-over results are entirely
consistent with the marginal value theory of Parker and
associates.
In summary, our experimental manipulation qualita-
tively confirmed a theoretical model predicting decreased
mate monopolization with increasing temporal clumping
of mate arrivals (Blanckenhorn 1991; Blanckenhorn and
Caraco 1992). This results from a complex interaction of
variation in intrinsic characteristics affecting male quality
or resource holding potential (e.g. body size) and often
stochastic, extrinsic (i.e. environmental) variables affect-
ing mate arrivals and handling. This theory extends OSR
theory at the mechanistic, behavioral level (cf. Grant et
al’s. 2000 concept of the competitor-to-resource ratio). Its
generality has now been experimentally demonstrated in
three different species in a foraging (Blanckenhorn 1991;
Grant and Kramer 1992; Bryant and Grant 1995;
Blanckenhorn et al. 1998; Grant et al. 2000) as well as
a mating context (Grant et al. 1995; Blanckenhorn et al.
1998; this study). In general, temporal clumping of mates
reduces variance in mating success among competing
males (cf. Bateman 1948; Sutherland 1985) and thus
ultimately the opportunity and intensity of sexual selec-
tion on traits influencing male success (Arnold and Wade
1984; Arnold and Duvall 1994). Particularly in male
dominated mating systems, male control of mating
opportunities may thus be reduced by female behavior
directly or indirectly affecting the synchrony of mate
availability, in turn ultimately (re)structuring the mating
system in their favor (cf. Reuter et al. 1998; Nunn 1999).
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